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ABSTRACT OF DISSERTATION

THERMAL CONDUCTIVITIES OF ORGANIC SEMICONDUCTORS

Organic semiconductors have gained a lot of interest due to their ease of processing,
low-cost and inherent mechanical flexibility. Although most of the research has been on
their electronic and optical properties, knowledge of the thermal properties is important
in the design of electronic devices as well. Our group has used ac-calorimetric techniques
to measure both in-plane and transverse thermal conductivities of a variety of organic
semiconductors including small-molecule crystals and polymer blends. For layered
crystals composed of molecules with planar backbones and silylethynyl (or
germylethynyl) sidegroups projecting between the layers, very high interplanar thermal
conductivities have been observed, presumably implying that heat flows between layers
mostly via interactions between librations on these sidegoups.
Since most organic semiconducting devices require materials in thin film rather than
bulk crystal form, I have focused on using the “3ω- technique” to measure the thermal
resistances of thin films of this class of organic semiconductors, including
bis(triisopropylsilylethynyl)
pentacene
(TIPS-pn),
bis(triethylsilylethynyl)
anthradithiophene (TES-ADT), and difluoro bis(triethylsilylethynyl) anthradithiophene
(diF-TES-ADT). For each material, several films of different thicknesses have been
measured to separate the effects of intrinsic thermal conductivity from interface thermal
resistance. For sublimed films of TIPS-pn and diF-TES-ADT, with thicknesses ranging
from less than 100 nm to greater than 4 μm, the thermal conductivities are similar to
those of polymers and over an order of magnitude smaller than those of single crystals,
presumably reflecting the large reduction in phonon mean-free path due to disorder in the
films. On the other hand, the thermal resistances of thin (≤ 205 nm) crystalline films of
TES-ADT, prepared by vapor-annealing of spin-cast films, are dominated by their
interface resistances, possibly due to dewetting of the film from the substrate during the
annealing process.
KEYWORDS: organic semiconductors, ac-calorimetry, thermal conductivity, thin film,
3ω-technique, interface thermal resistance
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Chapter 1 Background and Theory
1.1 Introduction
In recent years, there has been extensive research on the properties and possible
applications of organic semiconductors due to their ease of processing, low-cost and
inherent mechanical flexibility. Most of the interest is on electronic applications, e.g.
displays (i.e. organic light emitting diodes: “OLEDs”), electronic paper (and paper
electronic [1]), solar cells and other photovoltaic devices, and thermoelectric generators.
Although most of the research has been on characterizing and understanding
electronic and optical properties of this material class [2-10], knowledge of the thermal
properties is, of course, important in the design of electronic devices. For example, for
submicron thin-film transistors, one would desire a thermal conductivity κ > κ0 ~ 1
W/m·K [11] to prevent device failure due to thermal fatigue after prolonged usage. On
the other hand, one desires low thermal conductivity, κ < κ0, for thermoelectric
applications; the dimensionless thermoelectric figure of merit is
ZT = S 2σT / κ

(1.1)

where S is the Seebeck coefficient, σ the electrical conductivity, T the temperature, and κ
= κel + κph, the sum of the electron and phonon thermal conductivties, and for lightly
doped semiconductors, the thermal conductivity is predominantly due to phonons.
Therefore organic semiconductors have been used to make thermoelectric generators.
Lightly doped semiconducting polymers can have Seebeck coefficients S ~ 100 μV/K but
very low phonon thermal conductivitieds (κ ~ 0.3 W/m·K), reflecting the strong
scattering of phonons in disordered polymers. Thus, values of ZT > 0.4 have been
obtained in suitably doped polymer films [6, 9].
Organic semiconductors can be broadly classified in two groups based on their
molecular weight: heterocyclic polymers with molecular weight greater than 1000, and
crystals of conjugated polycyclic molecules with molecular weight less than 1000 [12].
While most work on organic semiconductors has concentrated on polymers, there is
growing interest in using small-molecule crystals due to their higher electronic mobilities.
For electronic applications, small-molecule crystals can be used to make both faster and
1

higher current devices. For example, an electronic mobility of ~ 40 cm2/V·s, greater than
that of amorphous silicon, has been obtained in crystals of rubrene [13]. Because of their
higher charge mobilities, small-molecule crystals may also have higher thermoelectric
efficiency than polymers; crystals don’t have to be doped to the same extent as polymers
to obtain sufficient conductivity, increasing their Seebeck coefficients [14]. Of course, to
obtain high values of ZT, the material must also have small thermal conductivity, but
rubrene was observed to have thermal conductivities similar to that of polymers, i.e.
in-plane and interlayer values κin-plane ~ 0.4 W/m·K [2] and κc ~ 0.07 W/m·K [3].
Assuming that heat is carried predominantly by acoustic phonons, these values
correspond to mean-free paths of ~10 and 1 molecular spacings, respectively; i.e.
interlayer phonon transport is borderline between propagating and diffusive behavior [3].
While small-molecule materials like rubrene and pentacene are widely studied in
organic semiconductors research, they have the disadvantage of being relatively insoluble
so that thin films, desired for most applications, could only be prepared by sublimation
which is not suitable for low-cost mass production. This limitation was overcome over a
decade ago by the Anthony group by adding side groups to pentacenes and
anthradithiophenes. The substituted materials, such as 6,13 bis (triisopropylsilylethynyl)
pentacene (TIPS-pn) and bis(triethylsilylethynyl) anthradithiophene (TES-ADT) (Figure
1.1) [15-20], become soluble and are able to self-assemble into thin films when deposited
from common solvents including acetone and toluene. The deposition could be done by a
variety of techniques, such as drop casting, spin coating, dip coating [21], ink-jet printing
[22], and spray coating [23].
The molecular structures of small molecule organic semiconductors used in this
study are shown in Figure 1.1.
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(a)

(e)
(e)

(d)

(c)

(b)

(f)

(g)

(h)

Figure 1.1
Molecular structure of (a) bis(triisopropylsilylethynyl) pentacene
(TIPS-pn); (b) bis(cyclopropyl-diisopropylsilylethynyl) pentacene (CP-DIPS-pn [24]); (c)
bis(triethylsilylethynyl)
anthradithiophene
(TES-ADT);
(d)
difluoro
bis(triethylsilylethynyl)
anthradithiophene
(diF-TES-ADT);
(e)
bis(triisopropylgermylethynyl)
pentacene
(TIPGe-pn
[24]);
(f)
bis(triisopropylsilylethynyl)
octafluoropentacene
(F8-TIPS-pn
[25]);
(g)
bis(triisopropylsilylethynyl)
perifluoropentacene
(F2-TIPS-pn[24]).
(h)
tetraethyl-bis(triisopropylsilylethynyl)-tetraoxadicyclopenta[b, m] pentacene (EtTP-5
[26])

3

All of these materials have layered crystal structures. The pentacene backbones of
TIPS-pn molecules form a “brick-layer” pattern in the ab-plane, with side groups
projecting between layers along c (Figure 1.2). The TIPS-pn crystals usually have a
needle shape with typical size 10 × 1 × 0.1 mm where the needle direction is along [2, 1,
0]. The needle-axis is the direction of the best π-orbital overlap [26, 27, 28], i.e. the
direction of crystal growth and highest electrical conductivity.

(a)

(b)

c
b

Figure 1.2
TIPS-pn: (a) ab-plane brickwork structure (the solid bars represent the
pentacene backbones); (b) bc-plane structure. (The green circles represent the silicon
atoms.) [29]

In our initial work, the thermal conductivities of layered cyrstals of several small
molecule organic semiconductors were reported [3, 4, 5]. For molecules with planar
backbones and silylethynyl (or germanylethynyl) sidegroups projecting between planes,
very high interplanar thermal conductivities were observed [4, 5]. For example, while we
found the in-plane, needle-axis thermal conductivity of TIPS-pn κneedle ≈ 1.6 W/m·K, the
inter-plane (c-axis) thermal conductivity was measured, using an ac-photothermal
technique [5], to be κc ≈ 21 W/m·K, a value close to that of sapphire [30]. As discussed
later, this large value and inverted anisotropy (i.e. κc > κneedle) has tentatively been
associated with heat flowing between layers via interactions between librations of alkyl
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groups terminating the silylethynyl sidegroups on the molecules [5]. In contrast, rubrene,
with tetracene backbones and much more rigid phenyl sidegroups, has an interlayer
thermal conductivity of only κc ≈ 0.07 W/m·K ≈ κneedle/6 [3].
While such large thermal conductivities would provide efficient dissipation of Joule
heat and therefore bode well for electronic applications of these materials, most organic
semiconducting devices require materials in thin film rather than bulk crystal form. Thin
film thermal resistances, even for crystalline films, can be much larger than the values
deduced from bulk crystalline conductivities, either because of reduced mean-free paths
in the material due to increased disorder or because of interfacial thermal resistance with
the substrate. Therefore, it was desirable to measure the thin film thermal resistance of
TIPS-pn and other small molecule materials being considered for electronic applications.
In our thin film studies, the samples we measured are “vapor annealed” [31-33] and
non-annealed spin-cast films of TES-ADT, and sublimed films of TIPS-pn and
diF-TES-ADT. The vapor annealed films are crystalline, with mm sized crystallites
oriented with c in the through-plane direction [31-33], while the other films are thought
to be ab-plane disordered, but with the molecular sidegroups also largely oriented
through-plane [33-35].

1.2 AC-calorimetry Techniques
Because of the layered crystal structures and the silyl or germyl side groups
extending between layers, the interlayer and in-plane phonon thermal conductivities of
small molecule organic semiconductors like TIPS-pn are expected to be different, and we
measured them separately. Because the crystals are small (in-plane dimensions typically
0.5-10 mm and interlayer direction less than 0.6 mm), we used ac-calorimetry techniques
[3, 36, 37], which yeild the thermal diffusivity, D ≡ κ/cρ, where c is the specific heat and
ρ is the mass density.
The interlayer measurement techniques are described in detail in References [3, 5]. If
a thin sample is heated uniformly on its “front” surface with light chopped at frequency ω
= 2πF, the magnitude and phase of the temperature oscillations on its “back” surface will
5

depend on its external (τ1) and internal (τ2) thermal time constants. Here τ1 ≡ C/Λ [37], is
the time constant with which the sample comes to equilibrium with the bath, where C is
the heat capacity of the sample and Λ is the net thermal conductance of the sample to its
thermal bath. The interlayer measurements determine τ2, the time for heat to diffuse
through the sample:

τ 2 ≡ d 2 / 90 Dc ≡ d 2 cρ / 90κ c

(1.2)

where d is the thickness of the sample and Dc is the transverse (i.e. c-axis) thermal
diffusivity. In the limit ωτ1 >> 1, the complex oscillating temperature is given by [37, 38]

Tac (ω ) = 4 Pin χ /{πCω[(1 − i ) sinh χ cos χ − (1 + i ) cosh χ sin χ ]} ,
with χ ≡ (901/ 2 ωτ 2 / 2)1/ 2 = d (ω / 2 Dc )1/ 2 .

(1.3a)
(1.3b)

where Pin is the absorbed incident power and the phase of the oscillations are measured
with respect to that of the incident chopped light. The magnitude of Tac is [37]
| Tac |≈ 2 Pin /{πωC[1 + (ωτ 2 ) 2 ]1/ 2 }

(1.4)

For ωτ2 << 1, measurement of |Tac| is commonly used to measure the sample heat
capacity [37]. We used measurements at larger values of ω to determine τ2 and hence Dc
and κc for rubrene [3].
An important limitation in using Tac measurements to determine Dc, however, is that
one must also be concerned about the time constant of the thermometer used to measure
Tac. For example, we have found that for fine (e.g. 25 μm diameter) thermocouple wires
glued to the sample with silver paint, the response time of the thermometer is mostly
determined by the thermal resistivity of the paint/sample interface, which generally varies
between 0.1 and 1.0 cm2⋅K/W, giving a thermometer time constant between 1 and 10 ms
[3]. While this did not significantly affect the results for rubrene (as we determined from
the measured temperature dependence of τ2 [3]), we found that it was a problem for many
other materials, i.e. for these materials, the measured time constant, τ2,effective > intrinsic τ2
of the sample.
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Figure 1.3
Schematic (not to scale) of the sample arrangement for photothermal
measurements of the transverse thermal diffusivity. (The LPF is long-wave pass filter
needed for TIPS-pentacene samples)

One can avoid this problem by measuring the oscillating thermal radiation, e.g. with
a liquid nitrogen cooled mercury cadmium telluride (MCT) detector, from the back
surface of the sample to find the frequency dependence of Tac. (This is the Fourier
transform of the “Laser-Flash” technique of measuring the thermal conductivity.
Working in the frequency domain makes it possible to measure much smaller samples
and use less intense light to minimize heating or damaging the sample.) In References [38,
39], this was done using chopped light from a laser to heat the front of the sample and
focusing the radiation from the back of the sample on the detector with off-axis parabolic
mirrors; samples had areas > 20 mm2. Because our samples were typically much smaller
than this, we chose to mount the sample in the MCT detector directly in front (within 1
cm) of the sample, thus avoiding the need for vacuum windows between the sample and
detector and losses of light signal due to alignment and aberrations in the optics (see
Figure 1.3). Instead of a laser, we used the intense quartz-halogen light source we’ve
used for ac-calorimetry, but the final incident intensity, after passing through an optical
fiber with lenses was ~10 mW/cm2.
For our measurements, although the optical fiber, lenses, and dewar window strongly
attenuate the incident infrared light, there is usually a fairly large signal from the light
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that leaks through or around (e.g. through mounting glue) the sample. In those cases, we
only fit the response that is in quadrature with the incident light:
FVac ( F ) sin(θ + θ 0 ) = Rχ (sinh χ cos χ + cosh χ sin χ ) /(sinh 2 χ cos 2 χ + cosh 2 χ sin 2 χ ) .
(1.5)
Here θ is the phase shift between the measured signal and that of the chopped light.
Fitting parameters are θ0, the error in setting the lock-in amplifier phase (typically a few
degrees), the magnitude of the signal R, and τ2, from which we determine the transverse
diffusivity by Eqn. 1.2. Experimental details, including the approximations made in using
Eqn. 1.5 are discussed in Ref. [5].
We use the technique of Hatta, et al, [4, 36] to measure the needle-axis
(“longitudinal”) thermal diffusivities of bulk (e.g. crystalline) organic semiconductors. A
schematic of the apparatus is shown in Figure 1.4; chopped light illuminates the front of
the sample uniformly, which is partly blocked by a movable screen, and the temperature
oscillations on the back surface measured with a thermocouple which is glued to the
sample with silver paint.

Light
Movable screen
Sample
Vac

Thermocouple

x
Figure 1.4

Schematic diagram for the longitudinal thermal diffusivity measurements.

Measurements are made at frequencies 1/τ1 < ω < 1/τ2,

effective.

A preliminary

transverse Tac measurement will be performed to determine τ2, effective [3]. In this limit, the
position dependence of the oscillating temperature is given by [36]

d ln Tω ( x) / dx = −(ω / 2 Dlong )1/ 2

(1.6)
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where Dlong = κlong/cρ and x = the distance between the thermocouple and edge of the
screen. For these measurements, the frequency is fixed so that the thermal response of the
thermometer does not affect results.

1.3 3ω-Technique
The “3ω” technique is a widely used method for measuring the thermal resistance of
thin films [40]. This technique for thermal conductivity measurements uses a single metal
strip (length = L and width = W = 2b) deposited on the film or base substrate to act as
both a resistive heater and thermometer (Figure 1.5(a)) [41]. An ac driving current (at
frequency ω) is applied to the heater, so that its temperature (and the temperature of the
nearby substrate) will oscillate at frequency 2ω. Consequently, its electrical resistance
will oscillate at 2ω, producing a third harmonic (V3ω) in the voltage drop across the metal
strip, with V3ω∝ΔT, the magnitude of its (in-phase) temperature oscillation (see Eqn. 1.6
below). We use a sensitive bridge circuit and a lock-in amplifier (with differential input)
to remove the drive voltage (including its third harmonic distortion), so that the measured
3ω signal can be used to infer the magnitude of the temperature oscillations. For
measurements on the base substrate, the thermal response is given by: [40,41]
∆T = P /(2 Lπκ sub )[− ln(ω ) + ln(κ sub / csub W 2 ) + 2.79].

(1.5)

Here P is the applied power and csub and κsub are the specific heat per unit volume and
thermal conductivity of the substrate. ΔT was determined from V3ω using [41]

∆T = 2V3ω / αV0 ,

(1.6)

where V0 is the voltage across the heater (measured in a 4-probe configuration) and α ≡
(1/R)dR/dT the temperature coefficient of resistance for the copper strip. We found α by
measuring the dc resistance of the heater as its temperature was slowly heated and cooled
(~30 oC) in the same vacuum cryostat in which the thermal conductivity is measured, as
discussed later in Section 2.3
Lee and Cahill [40] have shown that the 3ω-technique could be used to measure the
transverse thermal conductivity of a thin film of thickness t, deposited between the
9

substrate and heater (Figure 1.5(b)), once the substrate thermal conductivity was known;
the (transverse) film thermal resistance just added a frequency independent offset to the
ln(ω) dependence of the substrate:

∆T( film) ≡ ∆T ( film + substrate) − ∆T ( substrate) = Pt /( WLκ app )
= P /(WL)(t / κ + ρ int ) = PR film

(1.7)

where the effective area in Eqn. 1.7, S = WL, and κapp is the apparent thermal
conductivity of the film. The basic assumption is that the heat flow in the film is
one-dimensional, i.e. W >> t, while, as for bulk measurements, W is much smaller than
the thermal diffusion length in the substrate [40, 41]. In addition, one needs t << the
thermal wavelength in the film [40] and κapp < κsub. [42]
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(a)

d

(b)

Thin films of organic
semiconductor

Figure 1.5
3ω-technique: measurements of (a) yield the thermal conductivity of the
substrate; offset of (b) compared to (a) yields the thermal resistance of the organic thin
films
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Chapter 2 Experimental Setup and Sample Preparation
2.1 In-Plane Thermal Conductivity Measurements
In our experiments, the visible/NIR light source we used is a quartz-halogen lamp.
The light was chopped by a voltage controlled chopper and then sent into the vacuum
chamber through a 1.6 mm diameter fiber optic cable. A silvered glass tube and a
cylindrical convex lens was used to converge and cast light uniformly upon the sample. A
25 μm diameter chromel-constantan thermocouple was prepared by spot-welding it in a
cross and glued to the back of the sample with a thin layer (< 10 μm) of butyl acetate
based silver paint, as shown in Figure 2.1(a). The vacuum chamber (Figure 2.1) was built
with the help of the machine shop at University of Kentucky based on my design. In our
setup, the screen is attached to a micrometer (precision ±3 μm) which measures the
distance x0-x, where the offset x0 depends on the relative positions of the sample and
screen. Frequency dependent (i.e. transverse) measurements were preformed first to
determine τ2, effective, i.e. including the response of the thermometer, while the screen was
fully opened. Then the position dependent (i.e. longitudinal) measurements were made at
a frequency 1/τ1 < ω < 1/τ2,

effective.

For one position dependent measurement, the

frequency is fixed so that the thermal response of the thermometer does not affect results.
To be sure that we are in the correct frequency limit and the edge of the screen is not too
close to the thermocouple (i.e. overlapping with the silver paint spot), we check that we
obtain the same values for the “frequency normalized” slopes, f-1/2dlnTac/dx at a few
different frequencies, where f ≡ ω/2π.
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(a)

Sample supported by
thermocouple wires

Screen

(b)
Fiber optic cable

Vacuum valve

Electrical
contacts

Micrometer

Figure 2.1
Inside (a) and outside (b) pictures of the vacuum chamber built at
University of Kentucky for ac calorimetry measurements.
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2.2 3ω signal measurements
Figure 2.2 shows the circuit diagram used to measure the 3ω component of the
voltage drop across the metal strip. We use a Hewlett Packard 33120A function generator
to produce a sine wave as the ac signal with a harmonic distortion less than 0.1% of the
fundamental. We use a sensitive bridge circuit and a Stanford Research SR830 DSP
lock-in amplifier (with differential input) to remove the in-phase drive voltage (including
its third harmonic distortion). The gain of the multiplying DAC can be varied by three
tuning pots manually until the residual of ω signal read from lock-in is below a hundred
thousandth of the driving signal. The reference channel of the lock-in is connected to the
voltage output of the function generator directly instead of the SYNC output to avoid
introducing any phase shift. A frequency tripler mentioned in Ref. 41 is not necessary in
our experiment because our lock-in amplifier can measure the third harmonic signal by
itself.

REF IN

Frequency
Synthesizer

Null Box
Heater/
Thermometer

Series Resistor

Diff
Amp

Diff
Amp

A Lock-In
Amplifier
B
Multiplying
DAC

Null Setting

Figure 2.2

Circuit diagram for 3ω measurements.
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The null bridge circuit (Figure 2.3) updates the MDAC at a 4 Hz rate, reading the
three tuning pot setting at each update. Each pot is set to yield 1 part in 64 resolution
(about 5 degrees of a turn per step) for a stable final state. The medium tuning pot spans a
range of about ±5 degrees (out of 360 degrees) of motion of the coarse tuning pot.
Similarly, the full range of the fine pot is ±5 degrees of the medium pot. [43]

Figure 2.3
Null bridge schematic with three tuning pot setting designed by Greg
Porter at University of Kentucky.
The lock-in amplifier and function generator are connected to the computer through a
GPIB (general purpose interface bus) to USB (universal serial bus) interface. The
program to collect data are written in QuickBasic. The frequency dependence of the 3ω
signal is measured using an entirely automated program where the function generator
frequencies are preset and embedded in the program.
An example of a 3ω-measurements for a vapor annealed TES ADT film with preset
frequencies from 22 Hz to 803 Hz is shown in Figure 2.4.
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Vapor annealed
TES
ADT
films
Vapor
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TES
ADT
films
Sapphire
Calculatedfit
sapphire response

5
4
3
2
3
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5

6

7

ln(F(Hz))
Figure 2.4
3ω signal measured at several preset frequencies and converted to ΔT/P for
a vapor annealed TES ADT film on a sapphire substrate. The line shows the response for
the bare sapphire substrate.

2.3 Temperature coefficient of resistance measurements
The temperature coefficient of the resistance, α = (1/R) dR/dT is measured for each
copper strip before and after 3ω measurements to correct for changes of its resistance due
to oxidation. The circuit diagram in Figure 2.5 is used to take the measurements. A 100
μA DC current is applied to the copper strip using a Keithley 224 Programmable Current
Source. The copper strip is heated up to 330 K from room temperature in 2 hours using
the SWEEP mode of an OXFORD ITC601 Intelligent Temperature Controller connected
to the heater and a platinum resistance thermometer in an OXFORD MicrostatN cryostat
and cooled down to room temperature naturally within another 4-5 hours. The voltage
across the copper strip and the voltage across the diode thermometer inside the
temperature controller are measured using two Hewlett Packard multimeters as V1 and V2.
Both multimeters are connected with the computer through a GPIB to USB interface. V2
is converted to the temperature of the copper strip after calibration and the
16

temperature-resistance data is collected at an adjustable time interval. Example
temperature resistance data are shown in Figure 2.7 for a copper strip on a dif-TES-ADT
film.

Sample Header
Current
Source

Temperature
Controller

V1

V2

Computer
Figure 2.5

Circuit diagram for temperature coefficient of resistance measurements.

Electrical
contacts with
nulling box

Electrical
contacts with
temperature
controller

Substrate glued
down with silver
paint on sample
holder

Heater of temperature
controller underneath
Figure 2.6
Inside picture of the vacuum chamber (an OXFOR MicrostatN liquid
nitrogen cryostat) for 3ω measurements.

17

In the temperature coefficient of resistance measurements, it is often the case that the
resistance of the copper strip decreases a few percent as it is being heated up. These
effects are often attributed to oxidation and annealing processes of the copper film. We
therefore study the temperature coefficient from the change of resistance while the copper
strip is cooling down. From linear regression of resistance-temperature data in Figure 2.7,
α of the copper film is (7.231±0.0004)×10-4 K-1and (7.233±0.003)×10-4 K-1 at 300K
before and after the 3ω measurements, respectively. The preparation of the copper strip
will be discussed in Section 2.5.3.

Resistance of Copper strip ( )

985
980
975
970
965
960
Before 3measurements
After 3 measurements

955
950
290

300

310

320

330

340

Temperature (K)
Figure 2.7
Resistance-temperature characterization of a copper strip deposited on
dif-TES-ADT thin films before (red) and after (blue) 3ω measurements.

2.4 Optical measurements
The Thermo Fisher Scientific infrared microscope has facilitated our measurements
to a great extent. It has two photoconductive mercury-cadmium-telluride (MCT)
detectors with a high sensitivity which operate at liquid nitrogen temperature (77K).
Detector 1 covers the spectral range from 400 cm-1 to 1300 cm-1 with a peak sensitivity of
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d* = 6.6 × 109 cm√Hz/W at 465 cm-1. Detector 2 covers the spectral range from 600 cm-1
to 4000 cm-1 with a peak sensitivity of d* = 4.4×1010 cm√Hz/W at 740 cm-1 and has better
signal-to-noise. The microscope has two modes of operations: one for reflection
measurements and the other for transmission measurements. It has a measurement area
between 10μm × 10μm and 200μm × 200μm. A diagram of operation in the two different
modes is shown in Figure 2.8.

Figure 2.8
Two different modes of operation of the IR microscope: the reflection
mode and the transmission mode.

The Fourier-transform infrared spectrometer used in our experiments is the Thermo
Fisher Scientific Nicolet 6700 which is compatible with our infrared microscope. We
take measurements with the microscope sample stage and detectors instead of the internal
sample holder and detector of the FTIR due to sensitivity and ability to select area of
illumination. The broad band light from the FTIR is sent to the microscope through a
KRS-5 window on the side of the spectrometer. The beam is then transmitted through the
sample and into the microscope detector. OMNIC software that came with the FTIR then
Fourier transforms the resulting interferogram into a spectrum. OMNIC also allows
normalization of the spectra measurements to the background. Background spectra were
either transmission through an empty hole on the microscope stage or reflection on a gold
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film. An example background single scan of transmission through a hole is shown in

Intensity (arbitrary units)

Figure 2.9.
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Figure 2.9
Single scan spectrum of transmission through a empty hole on microscope
stage, the overall shape of the spectrum is due to the sensitivity of the detector,
transmission and reflective properties of the mirrors, and source spectrum. Common
features around 3500 and 1630 cm-1 are due to atmospheric water vapor, and the bands at
2350 and 667 are due to atmospheric carbon dioxide.

2.5 Sample Fabrication
2.5.1 Substrate Surface Cleaning
In order to ensure the uniformity of the thin films and minimize the interface thermal
resistance, a clean surface free of particulate matter and solvents is required before
deposition of thin films on our substrates (glass, sapphire and thermally oxidized silicon).
The substrates were first immersed in an acetone bath and sonicated at room temperature
for 5 minutes. To remove the residue of acetone, a similar treatment was applied to the
substrate with isopropanol or mixed alcohols followed by deionised water. Finally, the
substrate surface was blown with compressed nitrogen until dry. In some cases, the
surface was then treated with UV-ozone as a final step, but we found that the latter had
insignificant effect on the interface thermal resistances for our samples.
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2.5.2 Thin Films Deposition
Thin films of organic semiconductors can be applied by different methods such as
drop casting, spin coating and thermal evaporation on different substrates. Smooth and
uniform thin films are necessary to perform 3-ω measurements. Several films of different
thicknesses for each material should be measured to separate the effects of intrinsic
thermal conductivity from interface thermal resistance.
Drop Casting
We have prepared TIPS-pn and CP-DIPS-pn films with drop casting followed by a
slow or fast dry. For both samples, a 2-10% by weight solution in organic solvent
(toluene, chlorobenzene or mesitylene) is applied with a dropper and dried afterwards by
different methods. For slow dry, the sample is dried under a cover which will allow extra
time for large area crystals to grow. Unfortunately, the geometry of the needle-shape
crystalline films formed by this way is not suitable for application of the heater (Figure
2.10a). On the other hand, when the sample is dried too quickly with no cover,
amorphous or polymorphous films with large holes form as shown in Figure 2.10b.

(a)

(b)

Figure 2.10 Drop cast films from 10% TIPS-pn Chlorobenzene solution by slow dry (a)
and 3% TIPS-pn Chlorobenzene solution by fast dry (b).

Another drop casting process was tried with a specially made Teflon container as
shown in Figure 2.11. The solution is dropped through a narrow slit opened on top of the
container and fills it. This will allow extra amount of solution to dry out on the substrate.
21

The films coming out of this method do become thicker but the uniformity is still not
improved.

Dropper
Teflon Container

Substrate
Figure 2.11

Drop casting with a Teflon container

Spin Coating
TES-ADT crystallizes very slowly from solution and non-crystalline films with
uniform thicknesses form from spin-cast solutions [31, 32, 33]. To prepare these,
TES-ADT was dissolved in toluene to form a 2 wt% solution, which was spin-coat on the
substrate at 1000 rpm. Then the sample was heated in air at 80 oC to remove residual
solvent, yielding a ~ uniform thickness film. As described in Ref. 29, molecules in these
films are oriented with their c-axes approximately normal to the film but are mostly
disoriented in the ab-plane, although small monoclinic crystallites may be present.
It was reported that a vapor annealing process is able to induce structural
rearrangement and crystallization of TES-ADT films [31]. To fabricate the crystallized
TES-ADT films, the spin-cast sample was then attached to the dish lid and placed over a
pool of dichloroethane (DCE) solvent for 1-10 minutes. Exposing these films to DCE
vapors promotes spherulite growth into triclinic crystallites, typically ~ 1mm in size [31,
32, 33] as in Figure 2.12, while the thickness stays uniform. The films made by this
process are typically 100 nm thick, as measured with an AFM (after the thermal
resistance measurement).
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(b)

(a)

(c)

Figure 2.12 A spin-coated TES-ADT thin films on silicon wafer before (a) and after (b)
vapor annealing under microscope. (c) Diagram of vapor annealing process.

Thermal Evaporation
Unfortunately, much thicker uniform TES-ADT films cannot be grown from solution
and TES-ADT degrades when evaporated. On the other hand, while diF-TES-ADT and
TIPS-pn precipitate quickly from solution to form non-uniform, granular films [17, 35,
44], uniform and thicker films [34] can be prepared by vacuum evaporation [34],
although the uv-visible absorption spectra of the TIPS-pn films shown in Figure 2.13
indicates that there may be small amounts of degradation products present. The
thicknesses of the sublimed films (100 nm to 4 µm), were determined approximately
during sublimation by a quartz crystal thickness monitor and more accurately (± 10 nm)
with a Dektak 6M profilometer after the thermal measurement. (The two thickness
measurements typically agreed within 10%.) We assume that the molecules in the
sublimed films have their sidegroups mostly aligned transversely, although the films are
presumably microcrystalline and/or disordered in the ab-plane, as discussed for
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evaporated TIPS-pn films in Ref. 10. Similarly, spin-cast diF-TES-ADT films on
thermally oxidized silicon were observed to be microcrystalline but with the c-axes ~

Absorption

80% aligned perpendicular to the substrate [35].

Figure 2.13 Uv-visible absorption spectrum of the sublimed TIPS-pn films (dash red),
TIPS-pn solution (green), sublimed TES-ADT films (dash blue), and TES-ADT solution
(black).

Supporting our assumption of ab-plane disorder is that no grains were visibly present
in these films and infrared transmission spectra for small areas [~ (50 µm)2] of
dif-TES-ADT films evaporated on (infrared transparent) KRS-5 substrates measured with
an infrared microscope showed no polarization dependence as shown in Figure 2.14. (In
fact, the diF-TES-ADT absorption spectra were identical to that of Figure 4a in Reference
15 for diF-TES-ADT dispersed in KBr.)
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Figure 2.14 Polarized infrared transmission spectra of small areas of dif-TES-ADT
films evaporated on a KRS5 substrate, taken in (50 µm)2 spots.

2.5.3 Heater Deposition
The shadow masks (Figure 2.15) used to deposit heaters on organic films are made from
300 μm thick silicon wafers at University of Louisville by a deep reactive-ion etching
process. Copper strips (~50 nm thick, L = 6 mm long, w = 50 μm wide, resistances ~ few
hundred ohms) as heaters/thermometers were evaporated through the shadow mask on the
samples (bare substrates or thin films). The metal strip requires a fairly large temperature
coefficient of resistance to generate a measurable resistance change as a function of
temperature. We chose copper for its large temperature coefficient of resistance, ease of
evaporation, and low cost. (While the resistance of these films changed slowly and slightly
due to oxidation, we corrected for these changes by measuring the temperature dependence
of the resistance before and after thermal conductivity measurements, as discussed in Section
2.3)
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Figure 2.15 Shadow mask samples with two different four probes feature made at
University of Louisville by a deep reactive-ion etching process.

Two checks were made to insure that evaporation of the copper heater/thermometer
film did not damage or otherwise affect the organic film. 1) We exposed organic films to
heated tungsten evaporation sources for prolonged periods and checked their thicknesses
with the AFM before and after; thicknesses changed less than 10 nm, indicating that
exposure to the hot source did not cause significant evaporation of the organic film. 2)
Polarized infrared transmission spectra (Figure 2.16) were taken on vapor annealed
TES-ADT films which were deposited on KRS5 substrates (KRS5 was used because it is
transparent in the infrared), as functions of distance from the copper heater using an IR
microscope. The spectra were taken in 100 μm square areas adjacent to the copper line
and 1 mm and 2 mm away, but all on the same crystallite. (Unlike single crystals in
which molecules are uniquely oriented, spherulites comprise crystallites having changing
orientations in order to maintain a radially-symmetric, space-filling growth habit [33]).
Absorption lines at ~728, 857 and 878 cm-1 are strongly polarization dependent. The
spectra were independent of distance, indicating that evaporation through the shadow
mask did not cause degradation or melting (and realignment) of the spherulite-crystallites
in the TES-ADT.
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Figure 2.16 Polarized infrared transmission spectra of a single spherulite in a spin-cast,
vapor annealed TES-ADT film on a KRS5 substrate, taken in (100 µm)2 spots adjacent to
the copper heater line and 1 mm and 2 mm away from the line. (x and y refer to
perpendicular microscope axes.) The curves for each position are vertically offset.
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Chapter 3 In-Plane Thermal Conductivity Measurements of Organic
Semiconductors
3.1 NFC-PEDOT Paper
In addition to my work on small molecule organic semiconductors, I also measured
the longitudinal thermal conductivity of two bulk polymeric samples provided by Xavier
Crispin on Linköping University.

The first was the copolymer poly(3,4-ethylene-

dioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) coating cellulose nanofibrils.
The material was denoted NFC-PEDOT and has a paper morphology; for example, it can
be folded into origami structures without affecting its electronic properties.
PEDOT:PSS itself has been promoted as a possible thermoelectric material, motivating
our thermal conductivity measurements, but NFC-PEDOT turned out not to have a very
large Seebeck coefficient.

Because of its processing and structure, however, it turned

out to be a mixed ionic-electronic conductor (MIEC), attractive for possible
electrochemical applications.
The current civilizational challenges (and opportunities) related to the conversion
and storage of energy urge for the development of eco-friendly bulk MIEC systems.
These MIECs would preferably be based on sustainable, light-weight and abundant
materials that can easily be processed into large (even giant) volumes. Such a “green”
MIEC would enable the mass adoption of fuel cells, batteries and supercapacitors.
Furthermore, this development may also help organic electronics venture into the domain
of high power electronics.
The state-of-the-art in electronic, ionic and mixed conductors is summarized in
Figure 3.1. Besides the standard electronic and ionic conductors, MIECs belong to two
distinct families: ceramics and conducting polymers. There exists a clear trade-off
between the ionic and electronic conductivities, with an unoccupied niche in the upper
right corner of the graph. The latter corner is particularly interesting for electrochemical
conversion and storage of charges, as well as for power electronics. Ceramic materials
with high ionic conductivity (points l in Figure 3.1) [45] have been reported but are far
from reaching the electronic conductivities of the best organic conducting polymers
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(point “o”) [46, 47], although the ionic conductivity of the latter is two orders of
magnitude lower. The low temperature processability (relative to ceramics) and the ease
with which their wet synthesis may be scaled up make conducting polymers attractive for
mass production and implementation into giant scales [48]. The development of organic
conducting polymers, such as trans-polyacetylene [49], was mainly focused on reaching
high and air-stable electronic conductivity [50, 51] in more or less bulky samples [52].
High electronic conductivity (1000 to 4000 S/cm [53, 54]) has been achieved in organic
polymer thin films (10nm to 10 μm) often with metallic charge transport characteristics.
But there have been no reports of high conductivity for thicker films and bulky
geometries (10 μm to 10 cm). Indeed, most of the applications are currently focused on
ultra-thin transparent electrodes for the replacement of expensive transparent metal oxide
electrodes in solar cells and light-emitting diodes.
In parallel to these developments, (semi)conducting polymers have been investigated
for their reversible electrochemical activity due to the fact that they are intrinsic MIECs.
Hence, (semi)conducting polymers have been explored in electrochromic displays,
electrochemical transistors, diodes and sensors [55], as well as in supercapacitor, batteries
[56] and fuel cells [57]. But there exists a lack of mixed ionic-electronic large-bulk
electrodes combining record-high electronic with record-high ionic conductivity values.
One strategy to improve the ionic conductivity and the aqueous processability has been to
composite a polyelectrolyte with a conjugated polymer [58]. PEDOT:PSS is the most
studied and used conducting polymer (point “m”) [59]. In those blends, the electronic
conductivity is strongly correlated with the phase separation. The latter can be controlled
and suppressed with the addition of high boiling point solvents. This effect is called
“secondary doping” to distinguish it from the “primary doping” which controls the
charge carrier density in the PEDOT phase. Importantly, despite the addition of PSSH in
those blends, the ionic conductivity is limited to 1.5 mS/cm at 80%RH [60]; which is still
well below the values reported for ceramics (Figure 3.1 [7]).
Our samples comprise of PEDOT:PSS, nanofibrillated cellulose (NFC), glycerol and
dimethylsulfoxide

(DMSO)

blended

from

solutions.

This

NFC-PEDOT:PSS-glycerol-DMSO composite (NFC-PEDOT paper), combines high
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electronic and ionic conductivity with facile manufacturing, mechanical properties
compatible with paper-maker machine and ease-of-handling. In NFC-PEDOT paper, PSS
acts as a polyanionic counterion to neutralize the highly oxidized PEDOT chains [76].
DMSO is a high-boiling point solvent and is commonly used as a conductivity
enhancement agent for PEDOT:PSS [61]. This secondary dopant impacts the nano- and
micro-morphology of PEDOT:PSS by improving crystallinity (π-stacking) and promote
phase separation of the PSS in excess to promote the creation of highly conductive
percolation paths. NFC is a nanofiber scaffold system with “remarkably high toughness
with a large strain-to-failure” [77]. NFC is here utilized as a 3D-scaffold to improve the
PEDOT:PSS’s micro/mesoscopic organization in 3D (i.e. it acts as a tertiary dopant to
favor high conductivity also in bulky dimensions). Adding glycerol improves the
composite’s plasticity while increasing its hygroscopicity, which allows ions to move
much easier. As shown in Figure 3.1, this material has a higher ionic conductivity than
simple polymers and higher electronic conductivity than ceramics, so may form an
appropriate base for applications such as supercapacitors.

30

Figure 3.1
Survey ionic and/or electronic conductors. With the exception of ionic
liquids, only solid conductors are included. The points in the graph represents the
following materials: a: Nafion [62]; b: poly(diallyldimethyl ammonium
chloride)/poly(2,6-dimethyl1,4-phenylene oxide) [62]; c: poly(4-styrenesulfonic acid)
(105); d: poly(ethylene oxide)/poly(acrylic) acid/poly(ethylene oxide)/(poly(acrylic)
acid/multi walled carbon nanotubes) [63]; e: polyvinylidene fluoride/polyethylene
oxid/propylene carbonate/ LiClO4 [64]; f: (lithium bis(oxlate)borate and lithium
tetrafluoroborate)/1-Ethyl-3-methyl-imidazolium
tetrafluoroborate
[65];
g:
LiCF3SO3/poly(methyl
methacrylate),
LiClO4/poly(methyl
methacrylate)
and
LiClO4/propylene carbonate/ethylene carbonate/ dimethylformamide/poly(acrylonitrile)
[66]; h: Li10GeP22S12 [67]; i: Ag2HfS3 [68]; j: Ag2S [69]; k: Li3.5V0.5G0.5O4 [70]; l:
Ce0.8Gd0.2O2-d-CoFe2O4 [45]; m: poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
and : poly(3,4-ethylenedioxythiophene):polystyrene sulfonate/sodium polystyrene
sulfonate [59]; n: poly-[1-methyl-3-(pyrrol-l-ylmethyl)pyridinium perchlorate] [71]; o:
Polyaniline
[46,
47];
p:
Polypyrrole
[72,
73];
q:
poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate/nanofibrillated
cellulose/dimethyl sulfoxide/polyethylene glycol (this work); r/s: GaAs [74]; t: Nichrome
[75]; u: Ag [75].

Because an initial interest in this material was actually for possible thermoelectric
applications, our group used both the position dependent [3] and photothermal [5]
techniques to measure its in-plane and transverse thermal conductivities. We found the
in-plane thermal diffusivity, Dlong = (7.0 ± 0.2) x 10-3 cm2/s for several sheets of paper of
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different thicknesses. Experimental results for a 30 μm thick sample are shown in Figure
3.2. For small values of x, the signal saturates as the edge of the screen overlaps the glue
attaching the thermocouple, while for large x the signal becomes comparable to the noise
and offset voltage of the measuring electronics. The value of D is determined from the
measured slope at intermediate values of x: f-1/2 dlnVac/dx = (2.12 ± 0.03) /mm·Hz1/2.
From D ≡ κ/cρ, where κ is the thermal conductivity and ρ = (1.26 ± 0.4) g/cm3 is the
mass density, we found κlong = (11.6 ± 1.0) mW/cm·K. The specific heat, c = 1.32 J/g⋅K
with precision 3%, was measured using differential scanning calorimetry on a pellet
prepared from pressing several sheets of paper together, with results shown in the inset to
Figure 3.2. Note the transition at T ~ -50 oC presumably due to freezing of the glycerol in
the matrix. The values of c, κ, and ρ are very similar to other coated-NFC materials, as
expected
Later, measurements by our group of the transverse diffusivity using the
photothermal technique indicate that it is a few times smaller than the in-plane value,
which is consistent with our assumptions that the cellulose fibers largely aligning in the
plane makes the in-plane value of Dlong larger than the value in the transverse direction.
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Figure 3.2
Position dependence of the oscillating thermocouple signal (Vac) for two
different chopping frequencies for a 30 µm thick sample; x = distance between the edge
of the screen and the thermocouple, and x0 = constant offset. Top inset: specific heat of a
14 mg pellet measured with differential scanning calorimetry at a scanning rate of 18
K/minute.

3.2 FS-PEDOT:PSS
The second polymeric material on which I worked was very thin (~ 10 µm) papers of
freed-standing PEDOT:PSS.
To enhance ZT of thermoelectric materials, many effective methods were employed
for improving the electrical conductivity σ of PEDOT thin films (~100 nm) [78-81]. For
example, high σ over 3000 S/cm has been achieved by sulfuric acid post-treatment on the
film [82, 83]. Another effective way to achieve high thermoelectric performance is to
increase the Seebeck coefficient S. For this goal, n-type doping strategy has been
developed by Crispin and co-authors to tune the oxidation level and charge carrier
concentration [84-86]. A record-high power factor of 324 μW/m·K2 was achieved from
PEDOT-Tos materials at the oxidation level of 22% due to its very high S of 780 μV/K.
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Recently, the highest ZT of 0.42 was reported based on PEDOT:PSS by K. P. Pipe et al.
[87]. These works strongly stimulate the intensive research on the development of
conducting polymer based thermoelectric devices.
Despite the encouraging thermoelectric effect achieved in PEDOT based materials,
thin films of this materials supported by a substrate are not desirable for a thermoelectric
generator (TEG) since there is large heat leakage through the substrate [7, 88]. Moreover,
to achieve considerable power output, from the perspective of practical TEGs, a large
number of organic thermoelectric films need to be connected in series. Employing thick
films could be more stable and achieve higher power than thin films because they involve
less supporting substrates and interlayer space. Therefore, thick free-standing
PEDOT:PSS films with high electrical conductivity σ are desired for achieving high power
density TEGs. However, it is very challenging to fabricate a free standing PEDOT:PSS
film via normal film-fabrication methods (such as spin-coating, printing) from a
commercialized PEDOT:PSS solution due to its low concentration about 1.3% [89].
Lately, some strategies were proposed for preparing free standing PEDOT:PSS films, but
it was hard to realize high thermoelectric performance because of their moderate values
of σ [89-91]. A high power density TEG is realized by the Crispin group at Linköping
University recently with a highly conductive free-standing PEDOT:PSS (FS-PEDOT:PSS)
film, which possesses a Seebeck coefficient S of 20.6 µV/K and a high power factor of 107
μW/m·K2 at room temperature [92]. Under a heat gradient of 29 K, the FS-PEDOT:PSS
TEG exhibits a power density of 99 μW/cm2, which is the highest reported value for
PEDOT based TEGs. As discussed below, we found that the films had moderate values
of thermal conductivity of 0.64 W/m·K in plane and 0.27 W/m·K through plane. The
striking performance of the TEG is attributed to its high σ (2500 S/cm) and the free
standing property of the FS-PEDOT:PSS film. In addition, in-situ temperature-dependent
x-ray diffraction (XRD) measurement proved good thermal stability of the
FS-PEDOT:PSS since there were neither crystalline nor chemical structure changes even
up to 200 oC. The high power density free-standing flexible TEG indicates its great
potential for low power consumption wearable electronics and biomedical implants in the
future.
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The longitudinal in-plane thermal diffusivity Dlong of the FS-PEDOT:PSS was
measured using a ~1 cm long strip of d = 10 μm sample. The sample was suspended, in
vacuum, on 12 μm chromel-constantan thermocouple wires which were glued to the
bottom center of the sample. Results at three frequencies are shown in Figure 3.3. The
average slope is (2.8 ± 0.3) /mm, giving Dlong = (0.40 ± 0.08) mm2/s. Assuming values of
ρ = 1.37 g/cm3 and c = 1.17 J/g⋅K from Ref. 59, we find κlong = (0.64 ± 0.13) W/m·K. The
demonstrated κlong of FS-PEDOT:PSS is lower than ethylene glycol (EG) (κlong =
0.94W/m·K) and dimethyl sulfoxide (DMSO) (κlong = 1.0 W/m·K) treated-PEDOT:PSS
[93, 94]. The reduced thermal conductivity of FS-PEDOT:PSS may be caused by its
porosity [95, 96, 97]. The value of κlong gives a thermoelectric coefficient of performance
ZT ~ 0.05.
From photothermal measurements, our group also found κtrans = (0.27 ± 0.06) W/m·K
[96]. The thermal transport anisotropy is κlong/κtrans = 2.37, which is lower than previously
reported (3.33 for DMSO treatment and 5.6 for EG treatment) [93, 98].
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Figure 3.3
Experimental data used to determine the in-plane diffusivity: spatial
dependence of the thermocouple signal at a few frequencies. Dlong is determined from the
slopes between the dotted lines, as discussed in the text. A solid line with slope = 2.8/mm
is shown for reference.

3.3 TIPS-pn Functionalized Pentacene Semiconductors
In this Section, I discuss measurements of the room temperature thermal
conductivities of TIPS-pn and several other pentacene based materials with related
structures shown in Figure 1.1. Because these crystals are undoped, the electronic density
is negligible and κ is overwhelmingly due to phonons [15]. All of these materials form
layered crystals, with the pentacene (or substituted pentacene) backbones lying
approximately in the ab-plane (where one hopes for good π-orbital overlap between
molecules [99]), and the silyl or germyl sidegroups extending between layers [15, 24, 26,
27, 44, 100, 101] The interlayer (c-axis) and in-plane phonon thermal conductivities are
therefore expected to be different and we measured them separately. Because the crystals
are small (in-plane dimensions typically 0.5-10 mm and interlayer direction less than 0.6
mm), we used ac-calorimetry techniques [3,36, 37] discussed above.
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3.3.1 In-Plane Measurements
We used the technique of Hatta, et al, [4, 36] to measure the needle-axis thermal
diffusivities of TIPS-pn. Because we assume that both the illuminated and blocked
portions of the sample are much greater than the longitudinal diffusion length, (Dlong/ω)1/2,
which is typically ~0.5 mm for our samples and frequencies, data were taken on needle
shaped samples ~1 cm long. In practice, this technique works well for needles with
thickness d < 200 μm, lengths ≈ 1 cm, and Dneedle between 0.3 and 10 mm2/s.
Results for an 8 mm long, d ≈ 100 μm crystal of TIPS-pn are shown in Figure 3.4.
We plot f-1/2lnVac as a function of position behind a screen for a TIPS-pn crystal along its
[2,1,0] needle axis at a few frequencies. From Eqn. 1.4, the slope is inversely
proportional to Dlong1/2. For large x0-x, the edge of the screen overlaps the silver paint
holding the thermocouple, and the signal begins to saturate, whereas for small x0-x, the
edge of the screen is far from the thermocouple, so Vac is small and approaches the
thermocouple offset voltage and noise level. For intermediate distances, the same slope,
f-1/2dlnVac/dx, is measured for different frequencies, yielding Dlong = (1.0±0.1) mm2/s.
(Similar values were found for other crystals.) The specific heat of TIPS-pn, measured on
a pellet with differential scanning calorimetry with a precision ~3% [102], is shown in
the Figure 3.4 inset. Using c = 1.48 J/g·K and density ρ = 1.1 g/cm3 [103], we find κlong =
(16±2) mW/cm·K.
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Figure 3.4
Results for an 8 mm long TIPS-pn needle. The dotted lines show the
region of the expected linear variation of f-1/2ln(Vac) from which the diffusivity is
calculated. The inset shows the specific heat of a pellet measured by DSC.

This value of κlong is several times larger than the room temperature value for rubrene
[2], but comparable to the phonon thermal conductivity of quasi-one dimensional organic
conductors containing segregated molecular stacks with excellent π-orbital overlap
[104-106].
3.3.2 Interlayer Measurements
Figure 3.5 shows the frequency dependence of fVω of a d=610 μm TIPS-pn crystal,
with τmeas = 2.8 ms measured with a thermocouple thermometer. In Ref. 3, we showed
results for a d = 335 μm crystal, with τmeas = 1.3 ms; much thinner crystals, e.g. d ≈ 100
μm, had similar time constants. These values of τmeas and their lack of correlation with
thickness imply that we are limited by the thermal interface resistance of the silver paint,
and from the 610 μm crystal (the thickest available), we deduce Dc > 14 mm2/s and

κc >

225 mW/cm·K. We can avoid this problem by measuring the oscillating thermal radiation,
with a MCT detector, from the backsurface of the sample to find the frequency
dependence of Tac as discussed in Section 1.2. From the photothermal measurements, we
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found the interlayer thermal diffusivity: Dc = (13 ± 6) mm2/s; using[4, 68] c = 1.48 J/g⋅K
and ρ = 1.1 g/cm3, this corresponds to κc = (210 ± 100) mW/cm⋅K, similar to the lower
limit concluded from Tac measurements.
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Figure 3.5
Frequency dependence of fVω for representative crystals; the curves show
fits to Eqn. 1.4. (a) TIPS-Pn (signal × 3), d = 610 μm, τmeas = 2.8 ms → Dc > 14 mm2/s;
(b) F2-TIPS-pn, d ≈ 300 μm, τmeas = 1.26 ms → Dc > 7 mm2/s; (c) TIPGe-Pn (signal × 2),
d = 460 μm, τmeas = 1.03 ms → Dc > 20 mm2/s; (d) EtTP-5, d ≈ 300 µm, τmeas = 0.68 ms
→ Dc > 14 mm2/s. Inset: Specific heat of TIPS-Pn.

3.3.3 Discussion
This interlayer thermal conductivity is much larger than typically found in a
van-der-Waals bonded molecular crystal (e.g. for rubrene we measured Dc ~ 0.05 mm2/s,
giving κc ~0.7 mW/cm·K [3], while for pentacene κc = 5.1 mW/cm·K [8]), and is
comparable to the values for materials with extended bonding (e.g. Al2O3 has D ~ 10
mm2/s and κ ~300 mW/cm·K [30]). It has not been previously observed in a “molecular
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crystal”, for which the interlayer bonding is generally considered to be due to
van-der-Waals interactions between essentially rigid molecules. It is not observed in
pentacene crystals [8, 107], for which there are no sidegroups projecting between the
planes, nor in rubrene [3, 108], for which tetracene backbones align in the plane with
relatively rigid phenyl sidegroups project between the planes [109]. This suggests that the
large interlayer thermal conductivity of TIPS-pn is associated with the ability of the floppy
TIPS sidegroups to conduct heat.
In fact, its value suggests that we need to reconsider our understanding of phonon
propagation and heat transport in these materials. From kinetic theory, the phonon
thermal conductivity in a solid can be considered as a sum over all modes:

κ = ( ρ / 3)∑ c j v j λ j

(3.1)

where ρ is the mass density, cj, vj, and λj are the specific heat, propagation velocity, and
mean-free path associated with phonons of mode j. For a van-der-Waals bonded
molecular crystal, it is usually assumed that the only propagating phonons (i.e. those with
significant velocities and mean free paths) are acoustic modes. At high temperatures, the
acoustic specific heat cacoustic = 3kB/(Ωρ), where kB is Boltzman’s constant and Ω is the
molecular volume, so

κ ≈ k B / Ω < vacoustic λacoustic >

(3.2)

Using a typical acoustic phonon velocity of ~ 2 km/s gives an unreasonable value of
λacustic ~700 nm ~400 dc, where dc = 1.7 nm is the interlayer spacing. (In contrast, for
rubrene, λacoustic ≈ 1.4 nm [3].) Such a large mean-free path is extremely unlikely in view
of the measured large thermal disorder, e.g. shear motion of the molecules [110].
Therefore, we suggested that most of the heat is carried by optical phonons.
In particular, since the librational modes typically have energies ≤ kBTroom [111], they
can also carry heat at room temperature if they have sufficient dispersion. Furthermore,
because of the large number of terminal methyl groups (12 on each molecule), they can
potentially carry an order of magnitude more heat than the acoustic modes alone. In fact,
the quadrupolar coupling between these groups may give librational phonons sufficient
velocity to contribute. For example, assume a typical quadrupole moment Q ~ 10-39 C⋅m2
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[112]. Since the distance between isopropyl groups on neighboring layers is r ~ 0.4 nm, the
interaction energy Uquad ~ Q2/(4πε0r5) ~ 5 meV [111]. This bandwidth would give a
librational optical phonon velocity close that of acoustic phonons: vlib ~ Uquad dc/h ~ 2
km/s, where h = Planck’s constant. Direct proof of propagating low-energy optical
phonons in TIPS-pn and related materials would require inelastic neutron or x-ray
measurements of phonon dispersion, which would be discussed later. Indirect proof may
come from measurements of in-plane and interlayer thermal diffusivity in materials with a
variety of interlayer constituents and structures.
Also surprising is the anisotropy, κc > 14 κlong; because the in-plane (π-π) interactions
were assumed to be stronger than the inter-plane (hydrocarbon) interactions, we expected
the longitudinal thermal conductivity to be greater than the transverse, as we observed for
rubrene, κc ~ κlong/6 [3]. For example, the in-plane electrical conductivity of TIPS-pn is
believed to be much greater than the interlayer value; the band structure calculation has
indicated extremely flat-bands (bandwidths << 10 meV) in the interlayer direction but
in-plane electron and hole bandwidths ~300 and 150 meV, respectively [113]. If one
assumes that thermal transport is dominated by intermolecular thermal resistances and
that these were equal for c-axis and in-plane interactions, then the thermal conductivities
in different directions would be proportional to the packing densities in their transverse
planes [114], making κc ~ 2 κlong because a ~ b ~ c/2 [15]. The much larger anisotropy we
measure therefore indicates that the intermolecular thermal resistances along c are
smaller than those in the plane, implying stronger phonon interactions between the TIPS
sidegroups than between the in-plane pentacene backbones.
To check these results for TIPS-Pn, we measured the transverse (Tac method) and
longitudinal diffusivities of the related materials listed in Figure 1.1. Figure 3.3 shows the
results of the frequency dependence of fVω for some crystals, along with the values of d
and τmeas. F2-TIPS-pn crystals are needles with a brick-layer structure [24] similar to that
of TIPS-pn. TIPGe-pn and EtTP-5 crystals, on the other hand, grow as thick (d > 200
µm) flakes (in-plane dimensions < 3 mm). Molecules in EtTP-5 are coplanar but
insulating substituents keep the aromatic faces ~ 10 Å apart along [010] [26]. In
TIPGe-pn, the orientation of the pentacene backbones alternate in the ab-plane so that the
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aromatic surface of each molecule faces insulating substituents of adjacent molecules
[24]. In both materials, therefore, there is poor π-orbital overlap in the ab-plane, but the
silyl and germyl sidegroups still extend along the interlayer c-axis [24, 26]. For all
materials, a few crystals were measured with representative results shown. In all cases,
the responses are very fast so only lower limits for Dc (given in the caption) were
determined. As for TIPS-pn, the large diffusivities are unusual for van-der-Waals bonded
molecular crystals and suggest strong phonon interactions between the sidegroups, giving
significant dispersion to low-frequency optical phonons which consequently carry most
of the heat.
Figure 3.6 shows representative spatial dependences of f-1/2ln(Vω) for needle
shaped crystals of F2-TIPS-pn, F8-TIPS-pn, and CP-DIPS-pn; for the latter two, all
crystals were very thin (< 100 μm) so frequency-dependent transverse measurements are
not meaningful. All of these have brick-layer structures similar to that of TIPS-pn [24, 26,
101]. Because the cyclopropyl group makes the sidegroups slightly more rigid in
CP-DIPS-pn than in the other crystals, the molecules are more tightly packed; e.g. the
unit cell of CP-DIPS-Pn is 6% smaller than that of TIPS-pn [24]. The measured slopes
and calculated longitudinal diffusivities for the materials are given in the caption. As for
TIPS-pn, slopes were measured at a few frequencies for each crystal and the uncertainties
given in the table reflect the variations in slopes. The fluorinated crystals may have
slightly steeper slopes, and therefore lower thermal diffusivities, than TIPS-pn, but the
differences are less than the uncertainties in the measurement. The slopes for
CP-DIPS-pn had more scatter, probably reflecting the somewhat shorter crystals
available, but were always considerably steeper than for the other compounds. The
resulting lower diffusivity for CP-DIPS-pn is surprising because one would expect the
more rigid sidegroups to reduce scattering of acoustic phonons. It again suggests that
much of the heat is carried by molecular vibrations and that the greater rigidity of the
sidegroups reduces the dispersion and/or reduces the specific heat (by increasing the
energies) of the relevant low-energy modes.
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Figure 3.6
Spatial dependence of Vω for crystals of CP-DIPS-pn (length = 6 mm, -f-1/2
dlnVω/dx = 2.7 ± 0.3 (Hz1/2·mm)-1, Dlong = 0.43 ± 0.10 mm2/s), F2-TIPS-pn (length = 10
mm, -f-1/2 dlnVω/dx = 1.89 ± 0.07 (Hz1/2·mm)-1, Dlong = 0.88 ± 0.09 mm2/s), and
F8-TIPS-pn (length = 11 mm, -f-1/2 dlnVω/dx = 1.98 ± 0.10 (Hz1/2·mm)-1, Dlong = 0.80 ±
0.10 mm2/s) at selected frequencies in their linear regions.

The large thermal diffusivities indicate that, for those of these materials with
brick-layer structures and high electronic mobility, Joule heating of micro-electronic
components should not pose a problem. While the longitudinal diffusivities are slightly
larger than desired for thermoelectric applications, they are not excessive. However,
thermoelectric devices would need to be constructed so that the very high transverse
diffusivities do not create thermal shunts.

3.3.4 Inelastic X-ray Measurements
We used inelastic x-ray scattering at the Advanced Photon Source at Argonne
National Lab to study the dispersion in low-frequency (~ 10 meV) optical phonons
propagating in the interlayer direction in crystals of TIPS-pn.
Figure 3.7 shows inelastic x-ray spectra at four wavevectors each in the c*, b* and a*
direction. For each case, the measurements are for phonons propagating along the
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q-direction. The results indicate that 11 meV optical phonons have significant energy
dispersion along c*, corresponding to phonon velocities ~2.2 km/s; i.e. the peaks for c*
measurements appear to be slightly shifted by ~ 2 meV at the four wavevectors,
consistent with a possible phonon bandwidth of several meV. Our thermal conductivity
model assumes that some low energy (e.g. E < ~ 30 meV) optical phonons have "large"
dispersion (e.g. 1/h(dE/dq) > ~ 1 km/s) along c*, but not necessarily in the in-plane
directions. Assuming that the peaks we are observing in inelastic x-ray correspond to 2 or
more phonons each that we are not resolving, the phonon “cluster” we observe for c* is
dispersing more than this amount. For the mode propagating along b*, the dispersion is
smaller, corresponding to phonon velocities less than 0.4 km/s. No dispersion outside the
noise is observed for q along a*.
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Figure 3.7
Inelastic x-ray spectra taken at the Advanced Photon Source at Argonne
National Lab. (a)Energy resolution; (b)four c* wave vectors Q = [0, 0, -(2+q)] energy
scans; (c)four b* wave vectors Q = [0, 1+q, 0] energy scans; (d)four a* wave vectors Q =
[-(2+q), 0, 0] energy scans.

3.3.5 Summary
We have measured the longitudinal (needle-axis) and transverse, interlayer thermal
conductivities of crystals of TIPS-Pn by ac-calorimetry. We have found that the
longitudinal value is higher than that of rubrene [2] and pentacene [1] and comparable to
quasi-one-dimensional conductors with excellent π-orbital overlap [104-106]. The
transverse thermal diffusivity is at least an order of magnitude larger than the
longitudinal. These values and the inverted anisotropy of κ indicate that molecular
vibrations, presumably concentrated on the silyl-containing sidegroups, have sufficient
intermolecular interactions and dispersion to carry most of the heat. Similar values for
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both the in-plane and interlayer thermal diffusivities were found for several other
materials with related structures.
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Chapter 4 Thermal Resistances of Thin-Films of Small Molecule Organic
Semiconductors
4.1 Introduction
As discussed above, the thermal conductivities (κ) of layered crystals of several
small molecule organic semiconductors have been reported [1-5, 115]. For molecules
with planar backbones and silylethynyl (or germanylethynyl) sidegroups projecting
between planes, very high interplanar thermal conductivities were observed [4, 5]. For
example, while the in-plane, needle-axis thermal conductivity of TIPS-pn κneedle ≈ 1.6
W/m⋅K [4], the inter-plane (c-axis) thermal conductivity was measured to be κc ≈ 21
W/m⋅K. As discussed below, this large value and surprising inverted anisotropy (i.e. κc >
κneedle) has been tentatively associated with propagating low-frequency optical phonons,
in particular librations of alkyl chains terminating the silylethynyl sidegroups, requiring
relatively strong interactions between these groups on neighboring planes as well as long
mean-free paths [5]. In contrast, rubrene, with tetracene backbones and much more rigid
phenyl sidegroups, has an interlayer thermal conductivity of only κc ≈ 0.07 W/m⋅K ≈
κneedle/6 [3].
While such large thermal conductivities would provide efficient dissipation of Joule
heat and therefore bode well for electronic applications of these materials, most organic
semiconducting devices require materials in thin-film rather than bulk crystal form.
Thin film thermal resistances, even for crystalline films, can be much larger than the
values deduced from bulk crystalline conductivities, either because of reduced mean-free
paths in the material due to increased disorder or because of interfacial thermal resistance
with the substrate. In this chapter, we report on the thin film thermal resistances of films
of TIPS-pn, TES-ADT [30-31, 115] and diF-TES-ADT [19, 32] on sapphire and
thermally oxidized silicon substrates. (Because of small and irregularly shaped crystals,
bulk crystal values of the thermal conductivities of TES-ADT and diF-TES-ADT have
not yet been reported, but our preliminary photothermal measurements on a slightly
irregular TES-ADT crystal gave a value κc ≈ (5 ± 2) W/m⋅K, a few times smaller than the
value for TIPS-pn but still very large.) For these thin-film measurements, we use the
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3ω-technique [6, 8, 40, 102, 116-119]], which, as described in Section 1.3, yields values
of the film thermal resistance
R film = (t / κ + ρ int ) / S

(4.1)

where t and S are the thickness and area of the film, ρint is the interfacial thermal
resistivity, and κ is the through-plane thermal conductivity (i.e. for layered, crystalline
films, κ = κc). Therefore, to separate the interfacial from intrinsic resistivity, it is useful to
measure the thickness dependence of Rfilm, which typically has not been done for organic
films [6, 8, 40, 116-118]. For example, for a 100 nm thick film of a material with κ ≈ 0.3
W/m⋅K (similar to many polymers [6, 117-118]), the two terms in Eqn. 4.1 are
comparable for ρint ≈ 3 × 10-7 Km2/W. This value is only about an order of magnitude
larger than that of evaporated metal [42, 120], oxide [121], or organometallic [122] films
on ceramic or metal substrates, but an order of magnitude smaller than the interface
resistances of the best epoxy resins [123] or thermal greases [123].
The samples measured are “vapor annealed” [6, 31, 32] and non-annealed spin-cast
films of TES-ADT, with thicknesses ranging from 77 nm to 205 nm, and sublimed films
of TIPS-pn and diF-TES-ADT, with thicknesses ranging from 100 nm to 4 μm. As
described in Section 2.5, the vapor annealed films are crystalline, with mm sized
crystallites oriented with c in the through-plane direction [31-33] while the other films
are thought to be ab-plane disordered, but with the molecular sidegroups also largely
oriented through-plane [33-35].

4.2 Results and Discussion
Figure 4.1 shows measured values of ∆T/P as a function of frequency (F = ω/2π) for
several spin-cast TES-ADT films. Also shown (open triangles) are the results for heaters
on four bare sapphire substrates; the solid line shows ∆T/P calculated with κsapphire= 38.9
± 0.8W/m∙K, consistent with the published value [34]. The dashed line shows the
calculated value of ∆T/P for a 500 nm thick film of TES-ADT assuming our measured
bulk crystal thermal conductivity value κc = 5.5 W/m∙K. The solid symbols show our
measurements on vapor annealed TES- but non-annealed (i.e. non-crystalline) films.
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Thicknesses were determined by atomic-force microscopy. The thermal resistance values
vary from 1.0 to 2.8 K/W, much larger than expected from the bulk crystal measurements
(e.g. as shown by the dashed line), and for the crystalline films don’t scale with film
thickness, suggesting that for these, the thermal resistance is dominated by the interface
thermal resistivity; the resulting values of ρint vary from (3 to 8) × 10-7 Km2/W, which, as
mentioned above, are reasonable values for deposited films. In fact, it has been suggested
that vapor annealing causes dewetting of the films from the substrate [124], so it is not
surprising that the interface resistivity be non-negligible. On the other hand, we will
argue below that for the non-annealed films, the interface resistivity is smaller, i.e. ρint <
2 × 10-7 Km2/W and ρint < t/κ.

8
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6
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~100nm vapor annealed
~80nm non-annealed
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ln(F(Hz))

Figure 4.1
Measured frequency dependence of the ∆T/P for spin-cast TES-ADT films
on sapphire substrates. The open triangles show the results on bare sapphire and the solid
line is a fit to Eqn. 1.5. The dashed line shows the expected results for 500 nm thick
TES-ADT, assuming κ = κc(crystal) = 5W/m⋅K. The solid symbols show results for
vapor-annealed films of different thicknesses, as shown, and the open circles and squares
show results for non-annealed films.
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Figure 4.2
Measured frequency dependence of ∆T/P for ≈ 100 nm thick
vapor-annealed (solid blue circles) and non-annealed (open blue circles) spin-cast
TES-ADT films on thermally oxidized silicon. The red triangles show the results on the
bare oxidized silicon and the calculated silicon baseline [from Eqn. 1.5] is shown by the
solid line.

Measurements on spin-cast TES-ADT films (~100 nm thick) were also carried out on
doped silicon substrates (with thermally oxidized surfaces), the most common substrate
for organic thin-film transistors. The calculated baseline for silicon, with κSi = 142
W/m⋅K [35], as well as the measured value on the thermally oxidized substrate are shown
in Figure 4.2, with the measured values for vapor-annealed and non-annealed films
prepared at the same time. The thermal resistances are comparable to those measured on
sapphire. (The nonlinearities for F > 30 Hz are caused by capacitive coupling of the
heater to the conducting, grounded doped silicon.)
The results of 3ω measurements on several sublimed diF-TES-ADT films and
TIPS-pn films of different thicknesses on sapphire are shown in Figure 4.3. Note that for
the thicker films, t approaches (D/2ω)1/2, the thermal wave length, explaining the
downward curvature at high frequencies.
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Figure 4.3
Frequency dependence of sublimed films of diF-TES-ADT (left panels)
and TIPS-pn (right panels) of the indicated thicknesses on sapphire substrates. The
reference bare sapphire line (from Figure 4.1) is shown in the lower left panel.

The thickness dependence of the thermal resistances for these sublimed films is
shown in Figure 4.4. Although there is some scatter, presumably reflecting the quality of
the films, both materials exhibit a rough linear dependence of Rfilm ≡ ∆Tfilm/P on
thickness. As shown in the inset, the intercept is very small: Rfilm(t=0) < 0.6 K/W
corresponding to ρint < 2 × 10-7 Km2/W. That is, the sublimed films have lower interface
resistivity than the annealed, spin-cast TES-ADT films.
For TIPS-pn, the average value of Rfilm/t (using the profilometer values of t) gives κ
= (0.104 ± 0.007) W/m⋅K. This value, similar to that of polymers [6, 117-118] is an order
of magnitude smaller than the in-plane (needle axis) thermal conductivity [4] and two
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orders of magnitude smaller than the c-axis [5] thermal conductivity of crystals. If one
assumes that the TIPS sidegroups are still aligned perpendicular to the substrate in the
sublimed films, the small value of κ in the films seems especially surprising, since the
large value of κc in crystals was associated with interactions between low-energy
librations of these groups in molecules on neighboring layers [5]. However, the disorder
of the sublimed films would reduce the mean-free path of the librations to ~ 1 molecular
layer, preventing propagation of these phonons and removing their contribution to the
thermal conductivity.
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Figure 4.4
Thickness dependence of film thermal resistance (∆Tfilm/P) for sublimed
films of diF-TES-ADT (triangles) and TIPS-pn (circles). The solid symbols show the
profilometer measurements of the film thicknesses while the open symbols show the
thicknesses as determined by the quartz crystal monitor during sublimation. Also shown
(open inverted red triangles) are the results for the non-annealed spin-cast TES-ADT
films. The inset shows a blow-up of the results with t < 1 μm.

For diF-TES-ADT, the average value of Rfilm/t gives κ = (0.13 ± 0.01) W/m⋅K.
Since the structures of diF-TES-ADT and TES-ADT are very similar [31], we expect
similar thermal conductivities for the two materials, and in-fact the thermal resistances of
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the non-annealed spin-cast TES-ADT films, also shown in Figure 4.4, are consistent with
those of the sublimed films of diF-TES-ADT. We therefore assume that the non-annealed,
spin-cast TES-ADT films also have lower interface resistivity than the annealed films,
presumably reflecting some dewetting and lift-off of the latter. As for TIPS-pn, κ(film)
<< κc(crystal), and since the films presumably have c-axis orientation [33], this
presumably reflects the very short mean-free paths for librational phonons in the films.

4.3 Conclusion
The thermal conductivities of sublimed films of TIPS-pn and diF-TES-ADT are
much smaller than their crystalline values, presumably because the lack of
three-dimensional order in the films severely limits the mean-free path of the conducting
phonons, including the librational optical phonons assumed to carry much of the heat.
On the other hand, the thermal resistances of thin (≤ 205 nm) crystalline films of
TES-ADT, prepared by vapor-annealing of spin-cast films, are dominated by their
interface resistances, possibly due to dewetting of the film from the substrate during the
annealing process. Unfortunately, we have not been able to produce thicker crystalline
films to study their intrinsic conductivities.
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Chapter 5 Conclusions
We have developed new probes to measure thermal conductivities of small bulk
(crystalline and polymer) samples and thin films of organic semiconductors, both to
identify these materials for possible applications and to gain an understanding of thermal
transport in molecular solids. The emphasis of my work was on the thin-film
measurements, but I have participated with my group in bulk sample measurements as
well and, in particular, I am responsible for the design of the longitudinal bulk sample
apparatus.
Since most of the small molecule organic semiconductor crystals have layered
structures, separate techniques were used for in-plane and transverse thermal
conductivities. For in-plane measurements, we used a position dependent ac-calorimetric
technique because the crystals are typically small (0.5-10 mm in plane and less than 0.6
mm

interplane).

We

found

that

the

needle-axis

thermal

conductivities

of

bis(triisopropylsilylethynyl) pentacene (TIPS-pn) and related crystals were quite high (e.g.
Κneedle ≈ 16 mW/cm⋅K), comparable to that of the quasi-one dimensional conductor
TTF-TCNQ and several times higher than that of rubrene. For the transverse
measurements, we found that the frequency-dependent ac-calorimetric technique did not
work for the TIPS-pn family of materials, because the interlayer thermal transport was
too fast and the response was limited by the thermal resistance of the glue used to attach a
thermocouple to the sample. Therefore, we developed a new ac-photothermal technique
aimed for small (area > 1 mm2) samples, measuring the frequency-dependence of thermal
radiation from the sample by mounting it in front of a mercury-cadmium-telluride
infrared detector inside the detector dewar. These results confirmed TIPS-pn’s high
interlayer (c-axis) thermal conductivity, κc = (210 ± 100) mW/cm⋅K, implying that most
of the heat is carried not by acoustic but by optical phonons, presumably associated with
low energy librations of terminal methyl groups projecting between the layers.
Preliminary inelastic x-ray spectra of TIPS-pn taken at the Advanced Photon Source at
Argonne National Lab has shown a large dispersion of low energy optical phonons in c*
direction which supports our guess.
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While such large thermal conductivities would provide efficient dissipation of Joule
heat and therefore bode well for electronic applications of these materials, most organic
semiconducting devices require materials in thin-film rather than bulk crystal form. Thin
film thermal resistances, even for crystalline films, can be much larger than the values
deduced from bulk crystalline conductivities, either because of reduced mean-free paths
in the material due to increased disorder or because of interfacial thermal resistance with
the substrate. Therefore, it was desirable to measure the thin film thermal resistance of
TIPS-pn and other small molecule materials, which is important in establishing the heat
dissipation capability in devices such as thin-film transistors.
We used the 3ω-technique of Lee and Cahill to measure the thin film thermal
resistances of films of TIPS-pn and two materials with similar sidegroups and crystal
structures,

bis(triethylsilylethynyl)

anthradithiophene

(TES-ADT)

and

difluoro

bis(triethylsilylethynyl) anthra-dithiophene (diF-TES-ADT), on sapphire and thermally
oxidized silicon substrates. For each material, several films of different thicknesses have
been measured to separate the effects of intrinsic thermal conductivity from interface
thermal resistance. For sublimed films of TIPS-pn and diF-TES-ADT, with thicknesses
ranging from less than 100 nm to greater than 4 μm, the thermal conductivities are similar
to those of polymers and over an order of magnitude smaller than those of single crystals
presumably because the lack of three-dimensional order in the films severely limits the
mean-free path of the conducting phonons, including the librational optical phonons
proposed to carry much of the heat. On the other hand, the thermal resistances of thin (≤
205 nm) crystalline films of TES-ADT, prepared by vapor-annealing of spin-cast films,
do not depend on thickness and we assumed they are dominated by their interface
resistances, possibly due to dewetting of the film from the substrate during the annealing
process. It is also possible that the molecular packing in crystalline thin films has a
thickness dependence, which will make a big difference in their thermal conductivities
for thin films with different thicknesses. While not excessive, such thermal resistances
might limit the utility of these films in electronic devices. It remains to be determined if
solution-cast, high electronic mobility, crystalline films of TIPS-pn and diF-TES-ADT,
which are too irregular in thickness for our 3ω-measurements, have comparable interface
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resistances. Other thin films deposition techniques, e.g. inkjet printing, could be tried to
make such films with more uniform thickness.
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